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The complete absence of isolated quarks reaching particle detectors after high energy collisions
suggests that some physical mechanism generates resistance to their propagation in the vacuum. In
order to reveal such a mechanism, we analyze the fate of an infinitely heavy quark that is initially
propagating in the vacuum with inertial motion. The non-perturbative structure of the vacuum is
treated here using the gauge/ gravity correspondence, the isolated quark on the boundary gauge
theory is dual to a trailing string moving in the bulk of a higher dimensional curved space. We
find that, for a large class of non-conformal gauge theories with a holographic dual, the geometrical
structure of the bulk geometry induces a drag force on the quark that moves in the vacuum. In
addition, we show that for these gauge theories there will be the presence of such a drag force due to
its vacuum whenever the dual bulk geometry generates a linear potential for a qq¯ pair. The relation
of the linear qq¯ potential with the drag force on the isolated quark is a holographic piece of evidence
that both phenomena are different manifestations of the confinement of quarks.
I. INTRODUCTION
In the present paper we discuss the confinement of
quarks using holography. We treat the confinement prob-
lem from the point of view of a single free quark with
infinite mass, considered as a probe particle. The phys-
ical picture is set by analyzing the relativistic quark’s
motion. This massive probe quark is dual to an open
string stretching inside the bulk of the 5-dimensional AdS
space, with one of its ends tied to the conformal bound-
ary. The other end is considered moving freely since the
scenario is not thermal, thus there is no associated black
hole event horizon to tie up this end. This implies that
at the initial stage this free end is only affected by the
AdS background. This momentum transfer between the
background and the string defines the drag experienced
by the probe.
The field theory describing strong interactions, the so
called Quantum Chromodynamics (QCD) has two very
important features: asymptotic freedom [1] and confine-
ment. The asymptotic freedom was very important for
establishing QCD as the formal theory of strong inter-
actions. For the high energy phenomena, this theory is
perturbative and leads to a wide range of important re-
sults [2, 3]. On the other hand, confinement is harder
to deal with its complexity [4, 5], and also because QCD
is strongly coupled field theory at the low energy limit,
where the perturbative treatment is not possible. This is
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translated into a non-perturbative vacuum.
There are two definitions of confinement, quark con-
finement and color confinement. The former establishes
that no single quark can be measured as an asymptotic
state in any particle detector. Color confinement means
that no color charged (or colored) particle state can be
measured as an asymptotic state in any particle detec-
tor. It happens that color confinement includes quark
confinement since quarks are colored particles.
A great difficulty understanding the physics of con-
finement comes when the strongly coupled interactions
at low energy are considered, since confinement is man-
ifest on the observables related with low energy physics,
such as the hadronic Regge trajectories and the slope of
the qq¯ potential at very large separations, implying that
theoretical description of confinement is intrinsically non-
perturbative.
The AdS/CFT correspondence [6, 7] establishes a con-
nection between the non-perturbative regime of a gauge
theory and a gravity theory at weak coupling. The holo-
graphic picture of confinement was established by the
dependence of the interaction potential of a static quark–
anti-quark pair (qq¯) with the separation distance between
them. The associated gauge theory will be confining if
the potential is linear for large separation. In the paper
by Kinar et. al. [8] was established a direct mathemat-
ical criterion to determine whether the gauge theory is
confining or not by finding a sufficient condition for the
qq¯ potential to be linear at large separations. In this
sense, the physical picture of confinement is clear for the
static qq¯ pair system.
In order to complete the physical picture of confine-
ment we analyse the case of a single quark that is initially
moving freely (i.e. not bounded) in the vacuum of the
2gauge theory. To do so, we extend the Gubser’s proposal
[9] to the case of zero temperature by providing the dual
picture of a free quark on the gauge theory vacuum by
an open (trailing) string in the bulk with one endpoint
attached on the quark location at the boundary and the
other end moves untied. By analyzing such a dual string
configuration, we find that for a large class of gauge the-
ories with a holographic dual, there will be a drag force
acting on the quark moving in the vacuum if the such
theories are confining. Another analogy comes from elec-
tricity: conformal vacuum, where the lack of drag force
is translated into no confinement, is similar to a electric
conductor, where carriers are free to move. On the other
case, not conformal vacuum, where drag force implies
confinement, is equivalent to a dielectric, characterized
by carriers that cannot move freely. In this simple anal-
ogy, confinement and electrical resistant are emergent
properties arising from the electrical (conformal) prop-
erties of the medium. The proposed holographic analy-
sis discussed here provides this nice physical picture for
the vacuum of gauge theories experienced by the isolated
probe quark.
The presence of a drag force due to the vacuum looks
like to be an effect associated with the averaged quan-
tum interactions of the probe quark with the vacuum
fluctuations. Effectively the quark motion is damped or
equivalently the quark exerts some work on the medium
so that its kinetic energy is transferred to the medium.
On a phenomenological point of view, when an isolated
quark is scattered in the vacuum with sufficiently high
energy there will be formed a jet of hadrons centred in
the initial direction of the moving quark. This is the jet
formation phenomenon [10]. Our hypothesis is that this
drag force due to the vacuum is directly related with the
jet formation process. In the holographic picture, the
long string attached to the quark feels a gravitational in-
ertia (resistance) on the bulk breaking it down into many
pieces, each with both ends attached to the boundary in
a semi-classical transition, i.e., the free quark interacting
with the gauge theory vacuum hadronizes. Here we use
the results for drag force on the vacuum to estimate the
jet energy as a function of the initial quark energy.
The work is organized as follows. In section IV we dis-
cuss the drag force in the vacuum of a N = 4 SYM at
zero temperature, probing that there is no drag force in
such a model. In section III, we discuss the bottom-up
of wall model at zero temperature case, demonstrating
the existence of drag force attached to the presence of
the energy scale that breaks softly the conformal invari-
ance. In section IV, we discuss the general case given by
an AdS-like background. The existence of a drag-force
in such backgrounds is conditioned by the existence of a
geometric upper bound in the 4-momentum transferred
by the string from the boundary to the bulk. In sec-
tions V and VI we focus on the top-down models D3/D7
brane system and the Sakai-Sugimoto configuration. As
in the bottom-up case, the drag force is conditioned again
by the existence of a confining scales in both models. In
section VII we estimated the fraction of energy loss, find-
ing that the non-conformal systems have associated the
so called dead cone effect. Finally, in section VIII, we
give some conclusions and final remarks about the phe-
nomenology discussed here.
II. THE VACUUM OF N = 4 SYM
In this section we analyze the vacuum of the conformal
dual field theory N = 4 SYM, where there is no confine-
ment [11, 12]. This conformal theory is constructed as
the dual of the geometric background generated by Nc
coincident D3-branes, that is AdS5 × S5. See [9].
Let us focus on the AdS part of such geometry,
parametrized by the 5-dimensional Poincare´ patch in the
following form:
dS2 =
R2
z2
[−dt2 + d~x2 + dz2] , z ∈ (0,∞. (1)
The isolated heavy quark is dual to an end of an open
(trailing) string, attached to the boundary and hanging
into the AdS bulk. The other string end just goes to IR
sector of AdS5.
The probe quark is assumed to move at constant ve-
locity. Also we adopt the same ansatz used in the fi-
nite temperature case for the string profile: Xµ(t, z) =
(t, x(t, z), 0, 0, z), x(t, z) = vt+ξ(z), where v is the quark
velocity (in the lab frame). For this string configuration
the Nambu-Goto action is given by
S = R
2
2πα′
∫
dt dz
1
z2
√
1− v2 + ξ′2. (2)
When we use this ansatz, the Lagrangian density L =
1
2piα′z2
√
1− v2 + ξ′2 becomes a function of z and ξ′(z)
only. Therefore, the equation of motion for the string is
expressed as the conservation of πξ =
∂L
∂ξ′ , that is given
by
πξ =
R2
2πα′
ξ′
z2
√
1− v2 + ξ′2 . (3)
From the expression above, we can solve for ξ(z), ob-
taining
dξ
dz
=
2πα′πξz2
√
1− v2√
R4 − (2πα′πξ)2z4
. (4)
The equation above differs from the finite temperature
case since there is no blackening factor the numerator in-
side the square-root is always positive, the isolated quark
is a time-like particle, thus we have always v2 < 1. But
we still need ξ(z) to be real valuated if we want the solu-
tion to represent classical string configurations, which re-
quires that the denominator inside the square-root should
3be always positive: R4 − (2πα′πξ)2z4 > 0 everywhere in
the bulk. In this case z ∈ (0,∞), the reality condition
for ξ′ requires that πξ ≤ min R22piα′z2 , which constrains the
conserved momentum to vanish: πξ = 0. Consequently,
from eq.(4) we find that ξ(z) = 0 implying that all of
the pieces of the string move in parallel with the same
velocity.
The drag force on the quark probe is given by the
world-sheet momentum Πzx =
δS
δ∂zx
. Thus, we find that
the drag force vanishes:
FDrag = Π
z
x = −πξ = 0. (5)
The vanishing of the drag force means that an colored
probe quark can move freely in the vacuum of N = 4
SYM. This scenario give us a holographic picture that
shows us how the probe quark in this sort of background
is not confined. Summarizing, confinement and drag
force, on the holographic perspective, are connected, i.e.,
one is a direct manifestation of the other. This non-
confining assertion observed in N = 4 SYM is extended
to other non-confining gauge theories with a holographic
dual. This statement will be deeply explored in the next
sections.
III. THE VACUUM OF THE SOFT-WALL
MODEL
In this section we consider the soft-wall AdS/QCD
model [13] with static quadratic dilaton defined as Φ(z) =
k2z2. The presence of a bulk dilaton field breaks confor-
mal symmetry and generates confinement in the bound-
ary gauge theory [14]. Here we will take a probe quark
initially moving in the vacuum of the boundary gauge
theory. The probe quark is represented in the soft-wall
model bulk by an open string with one endpoint attached
to the quark location at the boundary and the other end-
point going down to z →∞. The proposed dual picture
for the zero temperature case is just an extension to the
original proposal relating a heavy probe quark moving in
a hot media and the open string in AdS5 space done in [9]
and applied to the soft-wall model at finite temperature
in [15].
The bulk geometry is given in Poincare´ coordinates by
dS2 = R2
eΦ(z)
z2
[−dt2 + d~x2 + dz2] . (6)
In order to find the world-sheet configuration we em-
ploy the usual strategy and adopt the ansatz: t = τ, z =
σ, Xµ(t, z) = (t, vt+ ξ(z), 0, 0, z). For such a configura-
tion, the Nambu-Goto action is
Ssw = R
2
2πα′
∫
dt dz
eΦ
z2
√
1− v2 +
(
dξ
dz
)2
. (7)
The Lagrangian density is again a function of z and ξ′
only. As in the conformal case, we have the conjugate
momentum conservation for ξ coordinate as πξ =
∂Lsw
∂ξ′ ,
leading to
πξ =
R2
2πα′
ξ′eΦ
z2
√
1− v2 + ξ′2 . (8)
The dilaton appears explicitly in the momentum con-
servation expression, thus in the equation of motion it
also makes itself manifest:
dξ
dz
= 2 π α′ πξ z2
√
1− v2
R4 e2Φ − (2π α′ πξ)2z4 . (9)
The above expression is equivalent to the Euler-
Lagrange equation that follows from the action given in
eq.(7). The presence of the dilaton plays a non-trivial
role here, since the reality condition for ξ in this case
requires that R4e2k
2z2 − (2πα′πξ)2z4 > 0. This con-
dition does not require πξ to vanish. It just imposes
that πξ ≤ min
(
R2ek
2z2
2piα′z2
)
, implying the only restriction
we have is
πξ ≤ R
2ek2
2πα′
. (10)
The conserved momentum is not constrained to vanish.
It has a positive upper bound and is allowed to assume
any value in the range [0, R
2ek2
2piα′ ]. Unfortunately, the con-
dition that ξ(z) is real everywhere does not determine
the conserved momentum as a function of the velocity,
as it happens at the finite temperature case. All we have
at hand is the range of admissible classical values for the
conserved momentum. The existence of this conserved
momentum along the holographic coordinate in the bulk
is associated with a drag force on the moving probe quark
at the boundary. The rate of momentum loss due to the
drag force is
dp
dt
= −Πzx = −
δSsw
δ(∂zx)
= −πξ, (11)
Consequently, for any non-vanishing momentum πξ,
the quark moving on the vacuum of the boundary theory
will be subjected to a drag force. This force acting on
the moving probe quark is due to the vacuum itself. This
result tells us that, in fact, a confining gauge theory has
a mechanism that prevents a single quark moves freely on
the vacuum. If the probe quark is thrown into a vacuum,
this acts as a viscous media and exerts a drag force on
the quark.
The existence of a drag force at the zero temperature
in the context of the soft wall AdS/QCD model is a non-
trivial phenomenology associated with the breaking of
4the conformal symmetry. The dilaton in the soft wall
model is responsible for guaranteeing the confinement of
quarks. In the case of a qq¯ pair, it makes itself manifest
by providing a linear term in the interaction potential
[14]. But in the present case, it manifests by the pres-
ence of a drag force that acts on a quark moving in the
vacuum. In this sense, we can expect that in any confin-
ing gauge theory an isolated quark moving on the vac-
uum will be subjected to a drag force, interpreted as the
manifestation of confinement. It is important to remark
that the quark is assumed to move at a constant velocity
and it is infinitely massive. The effects on the energy
loss of an isolated quark due to its accelerated motion
are discussed in [16–18]. The presence of a drag force in
the case of constant velocity represents a different mech-
anism for energy loss of the heavy quark in addition to
the radiation emission due to the acceleration.
IV. THE GENERAL CASE OF A GAUGE
THEORY WITH HOLOGRAPHIC DUAL
The usual approach to discuss confinement is to con-
sider a static quark/anti-quark configuration and to com-
pute the expected value of the Wilson loop operator.
The confinement comes from the area law in the Wil-
son loop operator or equivalently in the linear behavior
of the interaction energy as a function of the quark pair
separation. In this sense, the seminal work of Sonnen-
schein et. al. [8] classify a gauge theory in confining or
non-confining according to the geometric structure of its
holographic higher dimensional dual description. Here
we use an alternative approach to discuss confinement
by probing the vacuum of the gauge theory with an iso-
lated quark and looking for a physical mechanism that
prevents its free motion.
In a non-confining N = 4 SYM theory, an isolated
quark can move on freely on the vacuum while in the
confining theory described by the Soft-Wall model an iso-
lated quark moving on the vacuum is subjected to a drag
force. These two examples point out a possible relation
between confinement and drag force. From this perspec-
tive, it seems that the drag force is a consequence of
confinement. In this section, we will use the nice results
of [8] in order to show that for a large class of gauge the-
ories with holographic dual, an isolated quark moving on
the vacuum of such gauge theories will be subjected to a
drag force if and only if the gauge theory is confining.
In a curved background, the most general metric reads
ds2 = −G00(z)dt2 +GxT xT (z)dx2T +Gzz(z)dz2. (12)
We follow the proposal by Gubser that the drag force
on a massive quark, moving at the boundary, is propor-
tional to the momentum along the holographic direction
in the dual worldsheet. This worldsheet is parametrized
as xµ(t, z) = (t, x||(t, z), 0, 0, z) where we fix τ = t, σ = z.
The shape of the world sheet is assumed to be of the form
x||(t, z) = vt + ξ(z). The Nambu-Goto action for this
world-sheet configuration is
SNG = 1
2πα′
∫
dt dz
[
−G00Gzz −G00Gxx
(
dξ
dz
2)
−GxxGzzv2
]1/2
(13)
The Lagrangian density is ξ–independent, therefore we
have associated a conserved momentum πξ =
δSNG
δξ′(s,t) al-
lowing for a first order equation of motion with a form
dξ
dz
=
πξ
2πα′
√
G00Gzz −GxxGzzv2
G200G
2
xx −G00Gxxπ2ξ
. (14)
Due to the form of the above equation of motion, we
noted that it is not necessary to assume the bulk metric as
diagonal. We restrict our discussion to the cases where
the bulk geometry admits a Poincare´-like parametriza-
tion with Poincare´ invariant 4-dimensional slices. This
represents most of the AdS/QCD backgrounds at zero
temperature. We assume that bulk metric has the fol-
lowing form
ds2 = eA(z)(−dt2 + d~x2) + eB(z)dz2. (15)
The metric components of the bulk geometry are non-
vanishing smooth functions, that near the boundary z →
0 satisfy A,B ∼ −2 ln z. The general structure of the
metric in eq.(15) represents the zero temperature versions
of the bulk metrics that mimic the QCD equation of state
at zero chemical potential [19]. For these geometries, we
find
dξ
ds
= 2 π α′πξ e
B(z)−A(z)
2
√
1− v2
e2A(z) − (2 π α′πξ)2 (16)
In order to ξ(z), and consequently x(t, z), be real
valuated it is necessary and sufficient that e2A(z) −
(2 π α′πξ)2 > 0. The conserved momentum πξ is con-
strained by π2ξ ≤ 12pi α′piξ e2A(z). The constraint on πξ is
satisfied if and only if 0 ≤ π2ξ ≤ min( e
2A(z)
2pi α′piξ
). Hence, it
will be allowed a non-vanishing πξ whenever the function
f(z) = eA(z) have a non-vanishing minimum at some z0,
say f ′(z0) = 0, f(z0) > 0. In the case where πξ 6= 0,
the quark attached at the string endpoint is subjected
to drag force FDrag = −πξ. Thus we find in this form
that if f(z) has a non-vanishing minimum then a mov-
ing quark in the vacuum of the dual gauge theory will
be subjected to a drag force. We also note that, for the
classes of bulk geometries we consider, the existence of
a non-vanishing minimum for f(z) corresponds precisely
to the same requirement that the bulk geometry should
satisfy if the dual gauge theory is confining in the in-
frared, as it was proved in [8]. Therefore, we prove that
5in any confining gauge theory with a holographic dual,
whose bulk geometry has a form eq.(15), there will be a
drag force experienced on any isolated quark that moves
in the vacuum. On the other hand, for a non-confining
gauge theory with a holographic description admitting a
bulk metric with the form of eq.(15), we have (follow-
ing [8]) that either f(z) is not bounded from below or
if it has a minimum at some z0 where it vanishes, i.e.,
f(z0) = 0. In both cases, the constraint from eq.(16)
requires that the momentum along the string vanishes,
πξ = 0. Consequently, there is no drag force on the mov-
ing quark. This feature is realized in the particular case
of the vacuum of N = 4 SYM, discussed in Section , and
is generalized here for the non-confining gauge theories
with bulk geometry in the form of eq.(15).
The physical background of the relation proved here
in a holographic approach is very nice. If the gauge the-
ory is confining then an isolated quark, initially moving
with constant velocity, fells a force due to the vacuum,
and hence the isolated quark cannot exists as a free par-
ticle: no forces act in a free particle. However, if there is
no confinement in the gauge theory the isolated moving
quark with constant velocity will not experience abso-
lutely any resistance for its motion and it will move as
a free particle. Therefore, it seems that in a confining
gauge theory the concepts of fundamental particle and
free particle do not mix up.
The analysis of the single quark moving across the vac-
uum is not usual in the literature. But some attention
to this issue has been paid in ref.[20] in the context of
the Sakai-Sugimoto model. There the drag force is in-
terpreted as an instability of the system composed of an
isolated quark in the vacuum of such a confining gauge
theory. We also remark that the existence of a drag force
due to the interaction of the quark with the vacuum was
expected in previous holographic analysis to be ruled out,
such as in ref. [21].
In section III we have analyzed the soft wall model
[13], that is a bottom-up AdS/QCD model. In the next
section, we will address top-down models, specifically
D3/D7 and Sakai-Sugimoto, that are realizations of the
AdS/CFT correspondence that have been proven to be
confining by the area law of the qq¯ Wilson loop operator
[22].
V. DRAG FORCE IN THE D3/D7 SYSTEM
In the D3/D7 system, we consider the limit Nc ≫ Nf ,
where a the set of Nf D7-branes act as probes, implying
that the backreaction of them can be neglected [23]. The
confinement arises from the embedding of the D7 probes
into the D3-background. Quarks in this scheme appear
as the Chan-Patton factors of strings hanging from the
D3 stack to the D7 probe (3-7 string). The conformal
boundary appears in the radial (perpendicular to the D3-
branes) direction of this configuration, thus the confor-
mal boundary will localize at r →∞.
Therefore, our trailing heavy quark can be considered
as the D3-brane end of the 3-7 string moving at the con-
formal boundary. Let us describe the geometry for this
configuration.
The starting point is the general Dp-brane metric at
T = 0, given by the 10-dimensional SUGRA solution
dS2 = H−1/2 ηµ ν dxµ dxν +H1/2
[
dr2 + L2 dΩ28−p
]
,
(17)
with
H(r) =
(
L
r
)7−p
. (18)
with L the gravitational length scale that controls the
non-perturbative limit in the gauge theory. This scale is
defined in terms of the string coupling gs and the string
length ls as
L7−p =
gsNc
4 π
(
4 π l2s
) 7−p
2 Γ
(
7− p
2
)
. (19)
In the case of p = 3, L defines the AdS5 radius.
The Dq-probe branes are spanned in the
{0, 1, 2, 3, . . . , ... p, . . . , q} directions of the 10-dimensional
flat target space. The set of D3-branes is embedded
into the D7-branes, according to the coordinates
ν ∈ {0, 1, 2, 3, . . . , ... p}. The brane intersection defines
a N = 2 supersymmetric field theory with fundamental
fermions (quarks) living in d + 1-dimensional conformal
boundary. This intersecting geometry is described by
a wrapped Sn sphere inside the S8−p sphere, where
q = d+ n + 1, with d the euclidean directions along the
D3-system. In our particular case, considering d = 3
and p = 4 leave us with n = 3 as the dimension of the
wrapping sphere and q = 7. This embedding process
defines confinement.
In the case of the D3-brane set embedded into the D7-
brane probe system, we can write the metric as
dS2 =
(
L
z
)2
ηµν dx
µ dxν +
( z
L
)2 [L4
z4
dz2 + L2 dΩ25
]
,
(20)
where we have done the transformation r = L2/z. Now
the boundary lies at z → 0. In this chart, the embedding
of the D3 into the D7 can be parametrized by a azimuthal
function ψ = ψ(z) ≡ cos θ, where θ is the azimuthal angle
in the S5 sphere. This function controls the perturbations
and will give rise to the meson masses spectrum in the
flavor representation of the D7 [24]. With this choice, we
write the 5-sphere metric as
dΩ25 =
ψ′2
1− ψ2
L4
z4
dz2 +
(
1− ψ2)2 dΩ23 + ψ2 dΩ21, (21)
6where the prime denotes the z coordinated derivative, as
we did before. Since we are considering free quarks mov-
ing on the D3-branes, we can keep just with the z-part
of the S5 sphere. Therefore, the D7 embedded geometry
is given by
d2D7 =
(
L
z
)2
ηµν dx
µ dxν
+
(
L
z
)2 [
1− ψ2 + L2 ψ′2
1− ψ2
]
dz2. (22)
The quark moving on the 3 + 1-dimensional boundary
can be parametrized by the 3-7 string in the static gauge
in the D3-coordinates as x1(t, z) = v t + ξ(z) with x2 =
x3 = 0, and ξ(z) defines the profile of the 3-7 string.
Following the same procedure as we did above with the
other geometries, we can construct the worldsheet metric,
parametrized as σα ∈ {t, z}, as follows
dS2D7 = dS
2
String = hαβ dσ
α dσβ
with
dS2String =
(
L
z
)2 [−(1− v2) dt2 + 2 v ξ′ dt dz]
+
(
L
z
)2 [
1 + ξ′2 +
L2 ψ′2
1− ψ2
]
dz2. (23)
The Nambu-Goto action in this case is
ING = − τ
2 π α′
∫ zmin
0
dz
(
L
z
)2 [
1− v2 + ξ′2
+
L2 ψ′2(1− v2)
1− ψ2
]1/2
, (24)
where zmin is defined by the quark mass in the model,
when ψ(z) is minimized, i.e., if ψ′(zmin) = 0 implies
zmin =
1
Mq
[24, 25]. This particular point corresponds
with the point where the S5 shrinks. The drag force
along the x1-direction is defined as
FDrag = Π
z
x1 , (25)
where Πzx is the canonical momentum calculated from the
NG action as
Παµ =
δ ING
δ (∂α xµ)
= − 1
2 π α′
√−h gµν ∂β xµ hαβ . (26)
In our case at hand,
2 π α′Πzx1 =
L2
z2
ξ′√
ξ′2 + (1− v2)
(
1−ψ2+L2 ψ′2
1−ψ2
) . (27)
From this relation we obtain the expression for ξ′ as
ξ′ = ±
√
(1− v2)
(
1−ψ2+L2 ψ′2
1−ψ2
)
√
1− z4L4
(
2 π α′Πzx1
)2 z
2
L2
(
2 π α′ Πzx1
)
. (28)
In Poincare´ coordinates it means that the D7 probe
brane extends over the range z ∈ (0, zmin]. At z = zmin
the S5 sphere shrinks and at this point the trails string
ends. The z coordinate is bounded from above and it
leads to the range of allowed conserved momentum: 0 ≤
Πzx1 ≤
M2q
2piα′ . In this case where the energy scale zmin is
responsible for the confinement at the dual gauge theory
in a top-down frame, we also find the presence of a drag
force of an isolated quark due to the non-perturbative
vacuum of the gauge theory.
VI. DRAG FORCE IN THE SAKAI-SUGIMOTO
MODEL
We consider in this section an isolated quark moving on
the vacuum of the gauge theory dual to the D4/D8 back-
ground of the holographic model proposed by Sakai and
Sugimoto [26, 27]. As an application of the general result
given in section IV, the confining bulk geometry will be
responsible for the presence of a drag force experienced
by the moving quark in the vacuum of the dual gauge the-
ory. The zero temperature geometry of the gravitational
background is given by
ds2 =
(
U
R
) 3
2
(ηµνdx
µdxν + f(U)dτ2)
+
(
R
U
) 3
2
(
dU2
f(U)
+ U2dΩ24
)
, (29)
where xµ are the coordinates on the 4-dimensional
boundary theory. The warp function f(U) is given by
f(U) = 1− U
3
KK
U3
. (30)
Notice that the radial coordinate U is bounded from
below U ≥ UKK and the coordinate τ is periodic with
period τ0 = (4π/3)
√
R3/UKK .
In this scenario, the dual picture of a free quark mov-
ing in the vacuum of the dual gauge theory is a classical
string attached to the quark stretching along the radial
U direction in the bulk. The Gubser ansatz for the string
parametrization gives xµ(t, U) = (t, x(t, U), 0, 0, U),
where x(t, U) = vt + ξ(u) and the compact directions
in the bulk are keep constant. The Nambu-Goto action
for this string configuration is given by
SNG =
1
2 π α′
∫
dt dU
√
1− v2
f(U)
+
U3
R3
(
dξ
dU
)2
. (31)
7The conservation of πξ = δSNG/δξ
′(t, U) results in the
first order differential equation
dξ
dU
= 2 π α′ πξ
(
R
U
) 3
2
√
1− v2
U3
R3 − (2 π α′ πξ)2
. (32)
The radial direction is bounded from below as U ≥
UKK where the trailing string ends. The above ex-
pression will be real valuated provided that πξ ≤
1
2pi α′
(
UKK
R
) 3
2 . As it was argued in [28] the limit UKK →
0 corresponds to the supersymmetric case where there is
no confinement. On the other hand, we find here that
there is a drag force in the vacuum of the dual gauge
theory if UKK > 0. This means that there will be a
drag force at zero temperature even that the gauge the-
ory stays in the confining region. This case represents
another example of a top-down model that realizes a di-
rect relation between confinement and drag force at zero
temperature.
VII. ESTIMATING THE FRACTION OF
ENERGY LOSS
We have shown that at zero temperature an isolated
probe quark fells the effect of a drag force when it is
moving in the vacuum of a confining gauge theory. Un-
fortunately, the usual constraints of classical mechanics
do not allow for a complete determination of the mag-
nitude of the drag force as a function of the velocity of
the quark. Here we will use some physical arguments to
estimate this functional dependence and the fraction of
energy transferred to the vacuum by the moving quark.
A naive way to fix πξ(v) at zero temperature is by
considering the finite temperature expression, and then
calculating the limit where T → 0. We take, for exam-
ple, the case of the soft wall model [15], that at finite
temperature it is found that
πsw(v, T ) =
π2 T 2R2
2α′
e
k2
√
1−v2
2pi2T2
v√
1− v2 . (33)
The corresponding zero temperature limit is divergent,
i.e., T → 0 ⇒ πsw → ∞. The expression for πsw(v, T )
comes from the presence of a black hole in the bulk ge-
ometry. But this particular setup is not stable at low
temperatures. At some critical temperature Tc, the bulk
geometry undergoes a Hawking-Page transition from the
black hole phase to a thermal AdS phase, where there is
no black hole. The critical temperature for the Hawking-
Page transition [29] is zero for conformal gauge theories
and is non-vanishing for non-conformal gauge theories
[30, 31]. In a confining gauge theory, we cannot obtain
the zero temperature expression for πξ by performing the
T → 0 limit in the expression obtained from the black
hole phase of the bulk geometry.
We assume that if the quark does not move, there is
no drag force acting on it, i.e., πξ(0) = 0. The drag
force comes from the relative motion between the quark
and an external observer that looks at the vacuum state
of the gauge theory. For very small velocities, the drag
force should be linear in the velocity (v ≪ 1⇒ πξ ∼ v).
On the other hand, special relativity imposes that v < 1
for a time-like particle, such that the maximum drag will
be reached when v → 1 or, equivalently, in the limit
γv → ∞, where γ = 1/√1− v2 is the Lorentz factor.
Thus, we use here an estimation of πξ(v) given by the
following smooth function interpolating both regions, i.e.,
πξ(v) = πmax(1 − e−γv). (34)
In the above expression πmax = min
(
eA(z)
2 pi α′
)
, where
A(z) is defined in eq. (15). For each model considered
here, we have the following expressions for the transferred
momentum
πSW =
R2
2 π α′
e k2, (35)
πSS =
1
2 π α′
(
UKK
R
)3/2
, (36)
πD3/D7 =
1
2 π α′
M2q L
2. (37)
The large mass of the heavy quarks allows us to model
their classical motion as non-relativistic, since most of
its energy will be inertial. Therefore we can take the ap-
proximation γv ≪ 1. In this approximation we have that
e−γv ≃ 1−γv leading to a momentum πξ = πmaxγv. The
holographic dictionary maps this conserved momentum
along the holographic coordinate to the momentum loss
by the dual heavy quark on the boundary dpdt = − 12piα′πξ.
Thus, we have that
dp
dt
= − πmax
2 π α′
γv = − πmax
2 π α′mq
p(t), (38)
where the relativistic momentum is p = mqγv. The
above equation is a first-order one and can be directly
integrated, obtaining the loss of momentum by the heavy
quark moving on the vacuum
p(t) = p(0) e
− t
t0 , t0 =
2 π α′mq
πmax
. (39)
Notice that in the above equation we have defined the
characteristic time t0, which in the finite temperature
case, is interpreted as a diffusion time. Nevertheless, in
the present case, where the medium of propagation is the
vacuum, a different interpretation is required.
Usually, the interpretation is related to the jet forma-
tion phenomena as the vacuum analogue of thermal dif-
fusion. We also notice that for an isolated quark q the
8time is t0 ∼ 1/πmax with πmax = f(z0), while for the cor-
responding qq¯ meson, the string tension (obtained from
Wilson Loop calculations) is given by σ = f(z0). Hence,
our estimation of πξ(v) reveals that the diffusion time is
inversely proportional to the string tension, i.e., t0 ∼ 1σ .
The stronger the qq¯ pair is glued together the fast one of
them (q or q¯) will hadronize in the vacuum.
We use the estimation for the time dependence of the
quark spatial momentum, eqn.(39), to estimate the frac-
tion of the initial quark energy transferred to the medium
(the total energy of the formed jet). The energy of a par-
ticle with spatial momentum p and rest mass m is given
by E(p) =
√
m2 + p2. We suppose that the quark lost
energy is until t = t0 and let p(0) = p0 be the initial (pro-
duction) quark momentum. Then the fraction of energy
lost is estimated
δE
E
∼ E(t0)− E(0)
E(0)
= −1 + 1
e
√
e2 + (p0m )
2
1 + (p0m )
2
. (40)
It is remarkable that in the very heavy quark mass
limit we have p0m → 0, then δEE → 0. While in the
limit of very light quarks p0m → ∞, and hence δEE →
−(e−1 − 1) ∼ 0.632. These simple estimations provide a
piece of evidence that heavy quarks will transfer a smaller
fraction of its initial energy to the hadronic jet formed in
comparison to the energy a light quark transferred to its
corresponding hadronic jet.
This phenomenon is known as the dead cone effect [32–
38]. This estimation suggests that the dead cone effect
is a consequence of the momentum damping and it will
be observed given that the final momentum is smaller
the the initial momentum. If pf =
p0
Λ , Λ > 1 we get
that δEE → 0 in the limit p0m → 0 while that in the limit
p0
m →∞ gives δEE → −(Λ−1−1) < 0. In our case, the ex-
istence of a drag force provides the momentum damping
of the isolated quark that moves across the vacuum. Con-
sequently, we expect that the dead cone effect will take
place as a signature of confining in these holographic dual
models.
VIII. CONCLUSIONS AND FINAL REMARKS
The present results show that the property of confine-
ment in gauge theories can be probed in several forms,
making it something multifaceted. The same property
that avoids mesons to split into an isolated quark and
anti-quark states also prevents them to move freely in the
vacuum. However, if any of these two situations (confined
or deconfined quarks) are considered to represent the ini-
tial conditions, there will be no free quarks moving on the
vacuum as the final (asymptotic) state.
On the other hand, it has been shown that for a string
representing a meson, with both endpoints attached at
the boundary, there is no such resistance [20]. In the
bulk, we face that the configuration of many disconnected
(infinite) pieces of the string, representing mesons moving
with a small fraction of the original momentum, is ener-
getically favored in comparison with an infinitely long
string. Consequently, the initial string, attached to the
isolated quark, will break into a final state of infinitely
many pieces of strings attached to qq¯ pairs. This process
gives us a holographic picture of jet formation.
An important experimental aspect regarding QGP for-
mation is the back to back jet suppression [39–41]. This
phenomenon works as follows: some high energy virtual
photon decays into a qq¯ pair that moves in opposite direc-
tions with high momentum. If the pair is created in the
QGP fireball neighborhood, one quark will go inward the
QGP medium and the other will go outward. The inward
quark fells the interactions of the hot medium where it
thermalizes and its associated jet is quenched, while the
outgoing quark leaves the QGP and penetrates the vac-
uum with large momentum producing a jet of hadrons.
The present results complement the holographic picture
of this physical mechanism by discussing the dynamics
of the isolated quark that penetrates the vacuum. In
the conformal, non-confining, scenario there’s no jet at
all since the outgoing quark will move freely at a con-
stant velocity, thus it will not hadronize. Jets in the
vacuum will appear at the non-conformal, confining, sce-
nario only.
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